Methoxyacetic acid (MAA) is a major metabolite of ethylene glycol monomethyl ether (EGME). Previous investigations of the testicular lesion induced by EGME have found that dividing meiotic cells are the most sensitive, although several stages of spermatocytes are also vulnerable. Preliminary data from this lab suggested the involvemen t of protein kinase activity in the developmen t of this lesion, a hypothesi s explored in the present studies. We used cultured seminiferous tubules (STs) from juvenile rats (25-day-old ), exposed in vitro to MAA and several inhibitors of protein kinases. Nineteen h following a 5-h exposure to 5 mM MAA (the plasma level in vivo after a toxic dose of EGME), apoptotic spermatocytes were seen in early-and late-stage STs. Cell death was prevented by cotreatment with broad-spectrum inhibitors of protein kinases such as H-7, H-8, K-252a, W-7, and genistein. In corroboration , immunocytochemistr y with antibodies to various kinases (PKCl , f , and c , AKAP220, CaMKII, MLCK, and Src) showed increased staining around dying spermatocyte s following EGME treatment in vivo. 2D-PAGE, autoradiograph y, and nanospray mass spectrometry was used to separate and identify proteins whose phosphorylatio n status was most greatly changed following exposure to MAA. One protein was identi ed by sequence analysis as being glucose-regulate d protein 94 (grp94). Western blotting and immunocytochemistr y con rmed this nding. The data we present implicate kinase activities in the pathogenesi s of this lesion and suggest the involvemen t of Sertoli cells.
INTRODUCTION
Ethylene glycol monomethyl ether (EGME, also known as 2-methoxyethanol, 2-ME) belongs to a family of glycol ethers widely used industrially in paints, inks, water-based cleaners, water-treatment materials, and hydraulic brake uids. In vivo, EGME is primarily metabolized via alcohol and aldehyde dehydrogenases to its toxic metabolite MAA (see 7, 9 for review). MAA has been found to be a testicular toxicant in a variety of species including rat (3, 19) . Spermatocytes are among the rst cells to be visibly affected following exposure to MAA and their death involves apoptosis (4, 18) .
Several authors have shown that apoptosis depends on macromolecular synthesis and is regulated by the cross-talk of several intracellular signal transduction pathways, including calcium ions, protein kinase A (PKA), and protein kinase C (PKC) (11, 13) . Phorbol esters (capable of activating PKC), calcium ionophores and dibutyryl cyclic AMP can induce apoptosis in mouse thymocytes, which can be blocked by the inhibitor H-7 (12, 14) . These approaches and preliminary data from this laboratory (19) suggest that protein phosphorylation is likely involved in spermatocyte apoptosis. However, reports have emerged indicating that either an increase or a decrease of PKC activity produces apoptosis (23) , rendering a prediction of kinase involvement more complex. Thus, the experiments reported here explore the involvement of kinases in the germ cell apoptosis produced by EGME in vivo or MAA in vitro.
When it became clear that some kinase inhibitors could effectively block the lesion, we used immunohistochemical detection of kinase proteins in testis sections from EGMEtreated rats, and found marked increases in the staining intensity of several kinases around the dying spermatocytes. An increase in kinase protein level would imply an increase in protein phosphorylation so 2-dimensional polyacrylamide gel electrophoresis (2D-PAGE) was used to localize and isolate a protein whose phosphorylation state appeared most increased by MAA exposure. Sequence analysis via nanospray mass spectrometry identi ed this protein as glucose-regulated protein 94 (grp94), part of the heat-shock protein family. Finally, an antibody to grp94 was used to demonstrate that this protein was strongly expressed in the dying spermatocytes. Collectively, these studies con rm a role for kinases in this germ cell apoptosis, identify several kinases that are increased around the dying cells, and provide continued support for the notion of the involvement of the Sertoli cells in this cell death.
MATERIALS AND METHODS
Tubule Culture: Animals used for seminiferous tubule culture were 21-day-old male Sprague-Dawley rats (Crl: CD Br), purchased from Charles River Laboratories (Raleigh, NC) and acclimated 4 days to the NIEHS animal facility. Juvenile (25-day-old) rats were used since (a) their testes are enriched with pachytene spermatocytes, presumed to be the target cell for MAA, and as importantly (b) the overall morphology of the seminiferous epithelium can be relatively well maintained in vitro. All the animals were housed in polycarbonate cages with 12:12 h-light/dark cycles, 50 10% humidity, ambient temperature of 20 1 C, and were given 607 0192-6233/01$3.00 $0.00 NIH-31 diet and water ad libitum, all in accordance with the NIEHS Guidelines for the Humane Use of Animals in Research.
Culture methods for 25-day-old rat seminiferous tubules have been described in detail elsewhere (18) . Brie y, testes from 25-day-old rats were detunicated, nearly bisected longitudinally, and digested with 4 units/ml elastase (Worthington Biochemical Corporation. Freehold, NJ) at 35 C in a shaking ( 70 cpm) water bath for 3-4 min. The digested tissues were washed with ice-cold Eagle's minimal essential medium (MEM) supplemented with 1% ITS (Becton-Dickinson Labware, Bedford, MA), 3 ng/ml epidermal growth factor (EGF), 0.29 l g/ml testosterone, and 1% penicillinstreptomycin solution (all reagents were from Sigma Chemical Co, St. Louis, MO). After the digestion, approximate 5-mm lengths of seminiferous tubule segments (STs) were cut at random under transillumination. Ten ST segments were cultured in 4 ml MEM per well in Falcon 6-well tissue culture plate on an oscillating shaker (30 cycles/min), at 32 C under an atmosphere of 5% CO 2 and 95% nitrogen for total of 24 h. Treatment With MAA: A 500 mM stock solution of methoxyacetic acid (MAA, 98% pure, Sigma Chemical) was prepared by dilution in culture medium and the pH was adjusted to 7.4 with 1N NaOH. This MAA stock was then diluted to a nal concentration of 5 mM in the culture medium. A 5-h exposure to 5 mM MAA replicates the averaged plasma level and biological half-life of MAA in adult rats following a single oral dose of 250 mg/kg body weight EGME, which induces an obvious testicular lesion 24 h later (27) . All the cultures were exposed to 0 (control) or 5mM MAA for 5 h, then the culture medium was removed and the STs were washed with fresh culture medium twice, resuspended in 4 ml fresh MEM, and cultured for a further 19 h, for a total of 24 h.
Cotreatment with MAA and Protein Kinase Inhibitors: Kinase inhibitors were tested up to concentrations that caused visible toxicity, and levels below those causing visible damage. For H-7 and H-8, the highest concentrations reported here did not produce visible toxicity, although higher concentrations were toxic. The cultured STs were simultaneously exposed to both 5mM MAA and one of the kinase inhibitors at selected concentrations for 5 h, after which the medium containing both MAA and inhibitors was removed and the STs were washed with fresh MEM twice. Then, the STs were resuspended in 4 ml fresh MEM without inhibitor or MAA. The culture was continued for a total of 24 h to allow the full expression of apoptosis. A total of 16 protein kinase inhibitors were tested in the present study and all were purchased from Calbiochem (LaJolla, CA). Only those kinase inhibitors successful at attenuating the MAA lesion, together with the concentrations used, are presented in Table 1 . For each inhibitor, the stock solution were prepared with appropriate vehicles (distilled H 2 O, ethanol, or dimethylsulfoxide, DMSO) according to their solubility. The nal concentrations of vehicle in the cultures were always less than 0.1%. Vehicleonly controls were included in all experiments. No difference between the medium-only controls and vehicle-only controls was observed during the experiments.
Histologic Evaluation Following ST Culture: At the end of the culture period, STs were xed in 2.5% glutaralde- This table presents the compound s that effectively blocked the MAA lesion. The concentrations found to be effective in culture are indicated in bold.
hyde in PBS (pH 7.4), and embedded in Immuno-Bed (Polysciences, Inc, Warrington, PA) in micromolds. Then, 3-5-l m-thick sections were cut from each block and stained with Lee's methylene blue/basic fuchsin (2) . Representative sections were photographed and presented.
Immunohistochemistry: To explore the distribution of various kinases and the identi ed protein in testes from treated animals, male Sprague-Dawley rats (body weight: 100-120 g, 20 days of age) were purchased from Charles River Laboratories (Raleigh, NC) and acclimated 4 days to the NIEHS animal facility. These animals were treated with 200 mg/kg body weight EGME (Aldrich Chemical Co., Milwaukee, WI, used at label purity of > 99%) in distilled water by gavage; controls received vehicle alone. Three animals in each group were killed at 4, 8, 16, and 24 h after treatment by CO 2 asphyxiation, and 1 testis was xed in Bouin's solution, paraf n-embedded, sectioned, and stained with H&E to con rm the presence of the lesion. The other testis was removed, frozen in liquid N 2 , and sectioned on a cryostat (Bright Instruments, Huntingdon, UK). Next, 6-8 l m sections were collected on ProbeOn TM slides (Fisher Scienti c) and stored at 70 C.
Antisera used in this study, together with their source and dilution used in this study, are presented in Table 2 . Methods for immunohistochemical localization followed methods described previously (39) and were performed at room temperature. Brie y, frozen testis sections were thawed and xed in Histochoice TM xative (Amresco, Inc, Solon, OH) for 10 min, followed by 3 washes of PBS. Sections were incubated with ImmunoPure TM Peroxidase Suppressor (Pierce, Rockford, IL) for 10 min to suppress endogenous peroxidase activity, then incubated with 5% normal goat serum for 15 min. Sections were incubated with primary antibody, diluted 1:30-1:1000 in PBS, for 60 min. Protein distribution was visualized either with a HistoStain TM SP (mouse) kit (Zymed, San Francisco, CA) following the supplied protocol, or by Antibodies, their source and dilution, used in this study. All antisera are monoclonal . The speci cs of the staining methods are provided in "Materials and Methods." using biotinylated anti-mouse IgG (PharMingen, San Diego, CA) with the kit's reagents. The sections were counterstained with hematoxylin and coverslipped. Depending on the source of the primary antisera, either rabbit or mouse pre-immune serum (Sigma) was used in place of primary antibody as negative control. For each immunohistochemistry reaction, the slides were read by 2 investigators, and representative sections were photographed and presented.
2D-PAGE and Autoradiography :
To identify the protein whose phosphorylation state was most increased by MAA exposure; we performed 2D-PAGE followed by autoradiography. The STs were pre-labeled with [ 32 P]-orthophosphate (0.1 mCi/ml, Phosphorus-32, Amersham Life Science Inc, Arlington Heights, IL) in phosphate-free MEM for 14 h. Treatment of STs with MAA was accomplished by direct addition of MAA (5 mM) to prelabeled tubules followed by incubation for an additional 60 min. Preliminary experiments indicated this time was suf cient to elicit changes in protein phosphorylation status. Following treatment, the medium was removed and the tubules washed with ice-cold culture medium containing 500 mM sodium orthovanadate (Fluka Chemie, Germany) and 1 tablet/10 ml protease inhibitors (Complete TM Protease Inhibitor Cocktail Tablets, Boehringer Mannheim, Indianapolis, IN). The tissues were sonicated twice for 5 sec in 30 l l Krebs-Ringer buffer containing 500 mM sodium orthovanadate and 1 tablet/10 ml protease inhibitors while on ice. DNAse and RNAse were added to nal concentrations of 1 mg/ml and 0.5 mg/ml, respectively. The samples were clari ed by centrifugation (14,000 rpm, 5 min) and the supernatants mixed with 90 l l 2D lysis buffer (500 l l ampholines pH 8.5-10, 1 ml ampholines pH 3-10/2D, 9.5 M urea, 1 ml 20% Nonidet P-40, 0.5 g dithiothreitol, to volume with 10 ml distilled H 2 O). All reagents for 2D-PAGE were purchased from ESA Inc (Chelmsford, MA). Samples were stored at 70 C until 2D-PAGE.
Protein samples were separated in the rst dimension on a 1.5 mm 7.5 cm isoelectric focusing (IEF) tube gel (9M urea, 2% NP-40, 2% ampholines pH range 3-10, and 3.3% acrylamide) at 500 volts for 13 h. The pH gradient was determined by slicing duplicate gels into 1-mm segments, eluting into distilled H 2 O overnight at 4 C, and measuring pH. Prior to electrophoresis in the second dimension, IEF gels were equilibrated for 10 min at room temperature in a solution of 2% SDS, 5% 2-mercaptoethanol, 5% glycerol, and 0.125 M Tris-HCl (pH 6.8). Polypeptides were separated in the second dimension on 7.5% SDS-polyacrylamide gel (SDS-Polyacrylamide Gel System, Life technologies, Gaithersburg, MD) in SDS sample buffer (Tris-Glycine SDS Sample Buffer, Novex, San Diego, CA). After electrophoresis, gels were xed in 50% ethanol, 5% acetic acid, then silver stained (Gelcode R Color Silver Stain, Pierce, Rockford, IL). The silver-stained gels were dried and exposed immediately to X-ray lm (Kodak XAR, Kodak, Rochester, NY).
Internal Amino Acid Sequence Analysis: To isolate and sequence the protein whose phosphorylation state was most increased by MAA exposure, the protein was separated by 2D-PAGE, the gel stained with Coomassie stain (Gelcode Blue TM , Pierce). After marking and destaining, the spot was excised and transferred to a microfuge tube. The protein was digested in the gel according to the method of Wilm et al (36) .
Extracts from 3 gels were pooled, dried by vacuum centrifugation and subsequently sequencing by nano-electrospray mass spectrometry (34, 36) . The resulting peptide fragments were searched against the OWL protein database, which encompasses both PIR and SWISSPROT databases.
Western Blotting: To verify the identity of the sequenced protein, whole testis lysate was separated by 2D-PAGE and transferred to nitrocellulose according Wine and Jindo (38) . The blot was probed with anti-grp94 antiserum, purchased from Stress-Gen (Victoria, BC, Canada) and visualized by enhanced chemiluminescence (Amersham Life Science, Arlington Heights, IL).
RESULTS
Tubule Cultures: As reported previously, seminiferous tubules maintained their intact in vivo architecture after 24 h in culture (18, 19) . Most germ cells showed normal morphology, although occasional dead cells could be found in control tubules ( Figure 1A, asterisks) . Based on the cellular composition and the size of spermatocytes, cultured STs could be roughly classi ed into three groups: early-stage, middlestage and late-stage (18) . The early-stage tubules ( Figure 1A ) contained both early pachytene spermatocytes and early round spermatids, but no type B spermatogonia or preleptotene spermatocytes. The middle-stage tubules ( Figure 1C ) had type B spermatogonia or preleptotene spermatocytes at the tubule periphery, as well as pachytene spermatocytes. The late-stage tubules ( Figure 1E ) were those that contained both early (leptotene, zygotene, or early pachytene) and late (late pachytene, diplotene, or dividing) spermatocytes. The MAA lesion is most prominent in late stage tubules, though several apoptotic pachytene spermatocytes could often be found in MAA-treated early-stage tubules ( Figure 1B, arrows) . Apoptosis of late spermatocytes and rarefaction in Sertoli cells associated with these apoptotic spermatocytes, was obvious in late-stage tubules ( Figure 1F ).
Kinase Inhibitor Cotreatment: When cultured STs were exposed simultaneously to both 5 mM MAA and the protein kinase inhibitors H-7, H-8, W-7, genistein, and K252a, MAA-induced apoptosis was signi cantly attenuated (Figure 2A -E, respectively). The concentrations of W-7 (50 l M) and genistein (100 l M) that blocked the MAA lesion also produced their own toxicity ( Figure 2C , D, respectively), a pattern of early spermatocyte degeneration which was demonstrably different from that induced by MAA.
Immunohistochemistry: The ability of kinase inhibitors to block the MAA-induced lesion strongly suggested the involvement of kinase activity in the genesis of this lesion. Frozen sections of testes from EGME-treated rats were stained for a variety of kinases and substrates to further explore this involvement, and identify locations and alterations in staining intensities. EGME produced a lesion in vivo, which was identical to that previously observed, in terms of morphology and the stage-speci c distribution (4) . Several kinases showed signi cant increases around and/or within apoptotic cells 16 hrs after treatment with 200 mg/kg EGME (Figures 3, 4, 5 ). Because of space considerations, only representative micrographs from EGME-treated animals are presented. MAA-induced pachytene cell death is signi cantly attenuated, compared to that shown in Figure 1F . Note that in some tubules cell division has continued to occur (2A, arrows). In STs treated with W-7 (C) and genistein (D) at 50 and 100 l M, respectively, a different pattern of germ cells degeneration was observed (arrows), characterized by effects on pre-pachytene spermatocytes . In contrast, these concentrations of H-7, H-8, and K252a showed no detectable toxic changes in the STs. Magni cation, 200 . TOXICOLOGIC PATHOLOGY FIGURE 3-4.-Immunohistochemistr y on frozen testis sections of rats 16 hrs after treatment with 200 mg EGME/kg body weight. In the hematoxylin-staine d isotype control sections of a stage XIV tubule, dying spermatocytes have hyperchromi c basophilic nuclei (arrowheads), while the normal cells appear very lightly stained. This negative control section is representative of that seen with both mouse and rabbit pre-immune serum. Tissues were stained with mono-and polyclonal antibodies to PKCl , PKCf , PKCc , Src, AKAP220, CaMKII, MLCK, and grp94. Positive reaction product is red or reddish-brow n in these photos. These monoclona l antibodies stained with a high degree of intensity around dying cells. Original magni cation, 400 .
In tissue from vehicle control animals, PKCl staining was observed faintly in the epithelium in the Sertoli cell cytoplasm (Figure 3) , and more strongly basally and at the luminal edge of Sertoli cells. Sixteen h after 200 mg/kg EGME treatment, there was a clear increase in staining intensity around apoptotic cells. PKCf was seen basally and at the luminal edge of Sertoli cell cytoplasm in control tissues. Following EGME treatment there was a clear increase in staining intensity around apoptotic cells. PKCc (Figure 4) was seen in the adluminal and basal Sertoli cell cytoplasm, however, af-ter exposure to EGME there was a clear increase in staining intensity around apoptotic cells.
Src was seen in the Sertoli cell cytoplasm of control rats, but showed the strongest staining along the luminal edge of the tubule and in the perinuclear area of Sertoli cells. Src staining showed biphasic changes during the progression of the MAA lesion: 4 h after EGME exposure, Src staining intensity was decreased in Sertoli cells, and by 16 h after exposure, staining intensity was clearly increased. The change at 4 h occurred in the absence of any dying cells. In control rats, AKAP220 was observed faintly staining the cytoplasm of cells in the interstitium, although it was dif cult to attribute the staining to a speci c cell type. Little or no staining was seen in the seminiferous epithelium. Then, 16 h after treatment with 200 mg/kg EGMA, there was intense staining in and around apoptotic spermatocytes.
Calmodulin kinase II (CaMKII, Figure 5 ) was observed in the tails of elongating and elongated spermatids, and interstitial tissue (Leydig cells and blood vessels) in control animals. Following EGME treatment, there was intense staining around apoptotic cells.
In controls, myosin light chain kinase (MLCK) weakly stained spermatid tails and blood vessels. Following EGME treatment, intense staining was seen around apoptotic spermatocytes. Figure 6A shows part of a silver-stained 2D gel from control, cultured, STs, and indicates the protein excised for sequencing. This protein, which had a pI 4.5 and molecular weight of 85,000 Daltons, showed the largest change in phosphorylatio n state following MAA treatment. Western blotting (B) veri ed the identity of the grp94 (endoplasmin) protein. The multiple reactive sites at 85 kDa most likely result from glycosylation of the grp94 protein.
In summary, we found signi cant increases in staining intensity for three PKC isoforms (l , f , c ), Src, AKAP220, CaMKII, and MLCK, apparently in the Sertoli cells immediately around the dying spermatocytes.
2D-PAGE, Autoradiography, and Amino Acid Sequence Analysis: Figure 6A shows a portion of silver-stained gel of control STs. As indicated, the phosphoprotein whose phosphorylation state was increased to the greatest degree by MAA exposure migrated with pI between 3.9 and 5.0, and had an apparent molecular weight of 85,000 kDa. Amino acid sequence analysis of the spot was performed by nano-electrospray mass spectrometry. One amino acid fragment was detected, GVVDSDDLPLNVSR, which had 100% homology to amino acids 435-448 of rat glucose-regulated protein 94 (grp94), one of the heat-shock proteins. The identity of this protein was con rmed by Western blotting with a monoclonal antibody to grp94 ( Figure 6B) , detecting a protein at the molecular weight and pI corresponding precisely to the protein excised for mass spectroscopy. It should be noted that the sequence of grp94 indicates numerous glycosylation sites; different glycosylation states alters the charge of the protein and is the most likely reason for the multiple reactive sites seen on the Western blot.
To further determine if grp94 is involved in this lesion, we stained slides of testis sections for grp94 ( Figure 5 ). In control rats faint grp94 staining was observed in the interstitium, but there was no discernable staining within the seminiferous epithelium (not shown). Then, 16 h after treatment with 200 mg/kg EGME, there was strong cytoplasmic staining in apoptotic cells.
DISCUSSION
Previous studies have demonstrated that MAA-induced spermatocyte apoptosis can be faithfully mimicked in vitro only in cultured rat seminiferous tubules or human testicular tissues, which in both cases maintain the intact relationship between Sertoli cells and germ cells (15, 18) . This indicates that cultured seminiferous tubules are good models for the study of the testicular toxicity of MAA in vitro, and highlights the necessity of maintaining tubular architecture for the development of this lesion.
Previous in vivo studies of the testicular toxicity of EGME have shown that the local disruption of the plasma membrane of germ cells is the earliest ultrastructural change after 2-ME treatment in vivo (5) . In vitro, increases in the permeability of germ cell plasma membranes have also been shown to be an early effect of MAA (16) . Many of the kinases described in the present study localize to plasma membranes (26) . Furthermore, treatment of STs with 4% DMSO, which acts to stabilize membranes, completely prevented MAA-induced spermatocyte apoptosis (not shown). Collectively, these data point to the plasma membrane as being an important site of activity in the genesis of the MAA lesion.
In our studies, MAA-induced apoptosis was prevented by H-7, H-8, W-7, genistein, and K252a at doses that were, with the exception of W-7 and genistein, and in the absence of MAA, without visible toxicity. Among the kinases inhibited by these compounds are PKC and MLCK, suggesting that PKC and MLCK are important for the MAA-induced apoptosis in the testis. Galdieri et al (6) reported the presence of PKC in Sertoli cells, and it has been speculated that PKC might be involved with cell differentiation (28) , though data on isoform distribution in the seminiferous epithelium is scarce. It was therefore interesting to nd only very faint staining for several isoforms of PKC (l , c and f ) in control tubules; staining that was much more intense around apoptotic spermatocytes after EGME treatment.
Several of the blockers used in this study inhibit the activity of myosin light-chain kinase. MLCK is a Ca /Calmodulin (CaM)-dependent protein kinase, one of whose actions is to catalyze the transfer of phosphate to a speci c serine residue in the amino-terminal protein of myosin II regulatory light chains, required for muscle contraction (1, 32) . When cellular Ca levels are elevated, Ca binds to and activates CaM, which can bind and activate a number of enzymes including MLCK, which has an absolute requirement for CaM. Interestingly, Wright et al (39) reported that TNF-induced apoptosis was blocked by a potent inhibitor of MLCK. Mills et al (25) reported that apoptotic membrane blebbing was related to MLCK activity, so there are at least two precedents for the involvement of MLCK in apoptosis, consistent with our data reported here.
Elevated PKA activity has been demonstrated to induce apoptosis in some cell lines (23, 40) . Of the inhibitors used in this study, genistein, H-7, H-8, and K252a all inhibit the activity of protein kinase A. Interestingly, even though these inhibitors are known to block PKA activity, we found no im-munohistochemical evidence for an increase in PKA staining in or around the dying cells. However, AKAP220 staining was increased. This is a protein of 1129 amino acids with a PKAbinding site. AKAP mRNA is expressed ubiquitousl y, with the highest levels in testis and brain. AKAPs are abundant proteins associated with the cell cytoskeleton and many of them are also PKA substrates (24) . From these data, we can only hypothesize that there might be some change in PKA economy after MAA treatment, or that AKAP binds other kinases in addition to PKA, and leave further dissection of these events for future experiments.
Src belongs to a family of membrane-associated nonreceptor tyrosine kinases. In these frozen Histochoice-xed sections, Src in rat testis was found most abundantly in spermatid tails, although it was also seen clearly in Sertoli cells. Src has previously been reported in Sertoli cells, circumscribing the germ cells and at the adluminal edge (37) . It has been speculated that Src is a developmentally regulated gene product involved in rat spermatogenesis (29) . We observed a decrease in Src staining intensity in all Sertoli cells 4 h after treatment of 200 mg/kg EGME in the absence of spermatocyte apoptosis. At the end of the 24-h culture period, an intense peri-spermatocyte staining pattern was noted around apoptotic spermatocytes, consistent with an involvement of Src in this lesion. At this point the etiologic signi cance of the reduction in Src staining, seen in all Sertoli cells 4 h after treatment, is unknown.
Using 2D-PAGE and autoradiography, MAA was found to increase several-fold the incorporation of [ 32 P]-orthophosphate into a phosphoprotein that was identi ed by microsequencing as glucose-regulated protein (grp94), known also as endoplasmin (5) . This protein is reported to be a substrate of casein kinase II, regulated by glucose, and reportedly located in the endoplasmic reticulum and perhaps the plasma membrane (17, 30) . Grp94 can effect its own phosphorylation , which is stimulated by peptide (21) and calphostin C (31). Grp94 synthesis is also induced by toxic insults including Ca ionophores, oxidative stress, topoisomerase inhibitors, and cytotoxic T-cells (8, 10, 20, 22, 23, 35) , to which list we can now add MAA. Additionally, the phosphorylation of grp94 can be inhibited by H-7, H-8 (31), both of which can block the MAA lesion. It remains to be seen if increased grp94 phosphorylation is a hallmark of pachytene apoptosis irrespective of etiology. Finally, it would be plausible to nd some of the target kinases, inhibited by the effective blockers above, at or near the dying cells. Indeed, one of the most striking results of this work is that the kinases (PKC, CaMK II, Src, and MLCK) were found immediately around the dying cells, while the phosphorylated substrate grp94 was found to stain strongly inside the dying spermatocytes. An important caveat is that our data do not link the activity of these kinases with the grp94 substrate. Nonetheless, the location of multiple kinases to one cell type, and the most strongly phosphorylated protein to a different cell type, is provocative, and suggests hypotheses involving cell-cell interaction for toxicity. This nonintuitive separation of enzyme activities and most-affected substrate suggests either that a large part of this process has yet to be discovered, or that there are previously-unknow n separations of kinases and substrates at work during germ cell death in the testis.
In conclusion, these studies have identi ed some proteins whose staining intensity and location is altered following MAA exposure, and identi es a protein whose phosphorylation is increased during apoptosis. Most of these proteins appear to localize in Sertoli cells suggesting that this cell type is actively involved in the generation of the MAA lesion. The precise sequence of events and the interactions of these various proteins await further work.
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